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Quantum-dot/quantum-well mixed-mode infrared photodetectors for multicolor detection
Shu-Ting Chou, 1 Chi-Che Tseng, 2 Cheng-Nan Chen, 2 Wei-Hsiun Lin, 2 Shih-Yen Lin, 1,3,a͒ and Meng-Chyi Wu
Lots of effort has been devoted to the development of quantum-dot infrared photodetectors ͑QDIPs͒. [1] [2] [3] [4] [5] [6] QDIPs with high responsivities and operation temperatures have been reported by inserting AlGaAs barrier layers. [1] [2] [3] The influence of QD doping density on the operation voltage and normal-incident absorption have also been reported. 4 Device structures with p-type doped GaAs layers inserted within have been proposed. 5, 6 The thermal images taken by a 256 ϫ 256 gratingless QDIP focal-plane array ͑FPA͒ operated at 135 K have been also demonstrated. 7 However, considering the thermal imaging applications of QDIPs, two major disadvantages are observed for the devices: ͑a͒ for most QDIPs, the detection wavelength is limited in the midwavelength infrared ͑MWIR, 3 -5 m͒ range and ͑b͒ the wafer uniformity of QD samples is worse than the conventional QW infrared photodetectors. To improve the disadvantages, reports regarding the InAs QDs embedded in InGaAs QW ͑DWELL͒ structures have been proposed. [8] [9] [10] The devices have exhibited long-wavelength infrared ͑LWIR͒ detection ͑8-12 m͒. The demonstration of large-format DWELL FPAs has revealed their superior wafer uniformities. However, due to the limitation of strain accumulation, multicolor detection in the LWIR range would be difficult to achieve for the DWELL structures. Therefore, to achieve multicolor detection at both MWIR and LWIR ranges, QD/QW mixedmode infrared photodetectors ͑MMIPs͒ are proposed in this letter. The observed MWIR and LWIR peaks are attributed to the QD and QW intraband transitions, respectively. A model is also established to explain the transition mechanisms of the device.
The samples investigated in this letter were grown on ͑100͒-oriented semi-insulating GaAs substrates by Riber Compact 21 solid-source molecular beam epitaxy system. Two samples with different doping densities at the QW region were prepared. The device structures are shown in Table  I . With 300 and 600 nm n-type GaAs layers doped to 2 ϫ 10 18 cm −3 as the top and bottom contact layers, the tenperiod InAs QDs/GaAs/ Al 0.2 Ga 0.8 As structures were grown as the active region. The doping densities at the QW region are 5 ϫ 10 17 and 1 ϫ 10 18 cm −3 for samples A and B, respectively. After mesa formation and metal evaporation, 100 ϫ 100 m 2 devices were fabricated for measurements. The spectral responses were measured under an edge-coupling scheme. [4] [5] [6] The applied voltages to be positive or negative were defined according to the voltage polarity applied to the top contact.
The 10 K spectral response at Ϯ4 V for device A is show in Fig. 1͑a͒ . As shown in the figure, 4.2 m response at 4 V and 5.6 m response at −4 V are observed. This suggests that two transition mechanisms are involved in the measurements. To verify the argument, the 10 K spectral response of device A at −2.0 V is shown in Fig. 1͑b͒ . Both the 4.2 and 5.6 m responses would be observed at lower applied voltages. With increasing applied voltage, dominant responses at 4.3 m at positive biases and at 5.6 m at negative biases would be observed. For the theoretical calculation based on the transfer-matrix method, an additional response at ϳ12 m should be observed for the 8 nm GaAs/ Al 0.2 Ga 0.8 As QW structure. However, no response can be observed in the LWIR range for device A. The most possible mechanism responsible for the observation should be the electron depletion from the QW ground state such that no intraband transition takes place in the QW region of device A.
The 10 K spectral response of device B at −2.8 V is shown in Fig. 2͑a͒ . Similar with device A, the dominant a͒ Electronic mail: shihyen@gate.sinica.edu.tw. MWIR response at negative biases would be the peak at around 5.6 m, while an additional response at 10.3 m is observed for device B. The minor difference between the peak detection wavelengths 5.6 and 5.3 m of devices A and B is attributed to the wafer nonuniformity considering the small energy difference of 12.5 meV. It seems reasonable to attribute the LWIR peak to the intraband transition of the QW structure since the doping density of device B at the QW region is higher than device A. However, the observation of the MWIR peak of device B suggests that the QW ground state should still be empty for electron transition. In this case, no LWIR response should be observed for device B. To explain the phenomenon, a model would be proposed in the latter section of this paper. To further investigate the transition mechanisms of the device, Fig. 2͑b͒ shows the normalized 10 K response curves in both the MWIR and LWIR ranges for device B measured at −2.8 V under different polarized lights. The measurement configuration of polarization-dependent response for the devices is shown in Fig. 2͑c͒ . As shown in Fig. 2͑b͒ , device B has exhibited a higher response ratio over the normal-incident light ͑s-mode incident light͒ in the MWIR range. Although not shown here, a consistent MWIR curve matched to the one shown in Fig.  2͑b͒ is obtained for device B operated at 2.8 V. The results confirm the previous attributions that the MWIR responses at either 4.3 or 5.6 m resulted from the QD intraband transitions while the response at 10.3 m resulted from the QW intraband transition. The additional 40% normal-incident absorption of the QW structure is attributed to the mesa scattering of the TE-mode light as reported elsewhere. 4 Simplified schematic band diagrams of the MMIPs under positive and negative biases are shown in Fig. 3 . It is assumed that five states are in the structure, i.e., ground states and first excited states in both the QD and QW regions denoted as E 0,QD , E 1,QD , E 0,QW , and E 1,QW , and the wettinglayer state denoted as E WL . According to the observations of polarization-dependent spectral responses, the responses at 4.3 and 5.6 m should result from the QD intraband transitions and the energy difference is around 67 meV. Assuming the E 1,QD is fully occupied with electrons due to the n-type doping in the QW region, transitions between E 0,QD and other higher-order states would be less possible due to the large energy difference in between. Therefore, two transition mechanisms ͑a͒ and ͑b͒, as shown in Fig. 3 , should be responsible for the 5.6 and 4.3 m responses of the devices, where ͑a͒ represents the E 1,QD − E WL transition and ͑b͒ represents the E 1,QD − E 0,QW transition. Since electron wave function of E WL is similar to that of E 0,QW , it is reasonable to assume that the normal-incident absorption ratio should be similar for both transitions of ͑a͒ E 1,QD − E WL and ͑b͒ E 1,QD − E 0,QW .
11 Considering the 40-50 meV energy difference between E WL and GaAs band edge, the energy difference between E WL and E 0,QW should be close to the observed 67 meV of the devices. 12 When an external voltage is applied to the devices, both transitions ͑a͒ and ͑b͒ would occur. However, when the devices are under positive biases, compared to the photon-excited electrons at E 0,QW , the phononassisted transition to the E 0,QW state would be necessary for the electrons at E WL prior to tunneling through the AlGaAs barrier layer. In this case, transition ͑b͒ would be dominant for the devices positively biased such that the 4.3 m response would be observed. For the devices negatively biased, considering the small energy difference between E 0,QW and E WL , the tunneling probability for electrons at the two states should be similar. However, considering the smaller energy difference between E 1,QD and E WL , the absorption coefficient of transition ͑a͒ should be higher than that of transition ͑b͒. In this case, transition ͑a͒ would be dominant for the devices negatively biased such that the 5.6 m response would be observed. Assuming that the Fermi levels of the two devices are lower than the E WL state, the observed LWIR response of device B is attributed to the two-photon absorption with E 0,QW as the intermediate state. 13 Therefore, the intraband transition ͑c͒ E 0,QW − E 1,QW would be observed. The observed response at 10.3 m is close to the predicted value 12 m. As for device A, due to the higher operation voltages required for the device, the dominate transition would be the one-photon absorption. In this case, no LWIR response would be observed for device A.
In conclusion, QD/QW MMIPs are demonstrated in this paper to achieve multicolor detection at both MWIR and LWIR ranges. For the device with a lower doping density in the QW region, two response peaks at 4.3 and 5.6 m are observed. For the device with a higher doping density at the QW region, an additional response peak at 10.3 m is observed. The polarization-dependent response of the device has shown a higher normal-incident absorption for the MWIR peaks. The results suggest that the QD intraband transitions are responsible for the MWIR peaks while the QW intraband transition are for the LWIR peak. A model is also established to explain the transition mechanisms of the devices.
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